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要約 博士論文の要約: 
1. Introduction: 
Energy harvesting has become the most important research topic in the modern world [1,2]. Most of 
energy is extracted using natural energy resources. This led to depletion of fossil fuel. Besides this, 
abundant use of fossil fuel have increased environmental pollution. Hence, alternate energy sources 
should be in high priority to tackle energy related issues. Most of the energy generated form fossil 
fuel is being wasted in the form of heat. For example, in vehicles (> 60 %) of energy produced from 
gas is wasted and only 40 % is used [3,4]. Similarly in homes major part of electricity is wasted in 
the form of heat. Thermoelectric (TE) energy conversion can help in recovering this waste energy. 
TE devices are capable to convert waste heat directly into useful electricity. Generally, dimensionless 
figure of merit, ZT= S2σT/κ is used to evaluate TE material [5]. Where S is Seebeck coefficient, σ is 
electrical conductivity, κ represents thermal conductivity and T is symbol for absolute temperature. 
A good thermoelectric material comprises of high Seebeck coefficient and electrical conductivity, 
whereas thermal conductivity should be low to maintain temperature gradient inside the material 
[5,6]. This is very difficult for a material to have these qualities simultaneously. Various approaches 
and techniques are used to de-link these parameters in order to boost overall ZT value. i.e. Nano 
structuring, Band gap engineering, charge carriers optimization, Nano inclusions etc [4,7–10]. In 
comparison with other renewable techniques, thermoelectric energy conversion offers multiple 
advantages. First of all, there are no moving parts in a thermoelectric device thereby TE device need 
no maintenance and work for longer period of time. TE devices are compact in size which enables 
them to extract waste heat from most of working places. TE devices can be designed to withstand 
harsh environment conditions as well [11]. Hence, quest for new and efficient thermoelectric 
materials is in high demand.  
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In this thesis we discussed an alternate method to improve the power factor. In this context we 
studied chalcopyrite type materials and carried out their TE properties. CuGaTe2 based materials 
are being studied extensively for TE applications. Their properties are most favorable for an ideal 
TE material. Moreover their ZT value is higher than most TE materials being under research 
making them very close to be used in TE devices. The aim of this research was to improve TE 
properties of chalcopyrite type compounds by new and previously developed methods. We proposed 
that by substituting a magnetic ion into a semiconductor we can enhance power factor value, thereby 
overall ZT of TE material. The interactions between charge carriers and magnetic moments of 
magnetic element contribute towards enhancement of power factor by increasing effective mass. 
(Magnetic enhancement). The other part of the thesis discuss about secondary phase assisted 
improved thermoelectric properties. In this part we discussed importance of microstructure analysis. 
By controlling microstructure we can reduce lattice thermal conductivity more effectively. Highest 
ZT value of 0.83 was achieved by inserting Mn ions in CuGaTe2. Which is 40% increase of ZT value 
[12]. In the latter case we measured ZT value of 0.92 by controlling microstructure and reducing 
thermal conductivity. Which is around 60% of ZT improvement [13]. In future we expect to apply 
these mechanisms in order to enhance thermoelectric properties of various other TE families and 
materials. 
 
2. Summary of Results: 
2.1 Magnetic ion doping to enhance power factor of CuGaTe2 [12]: 
Chalcopyrite type materials gained much interest recently due to their favorable thermoelectric 
properties. This study is motivated by recently reported high power factor around room temperature 
(~1mWK-2m-1) in CuFeS2. It was discussed that interactions between Fe moment and charge carriers 
could lead to the high power factor in CuFeS2 [14]. To understand this mechanism of magnetic 
enhancement we studied CuGaTe2. CuGaTe2 has similar chalcopyrite type structure to that of 
CuFeS2. We thereby synthesized CuGa1-xMnxTe2 where x = 0.0-0.03, Divalent Mn2+ substitution with 
Ga3+ was expected to improve power factor. We selected Mn as dopant because it has five unpaired 
electrons and has magnetic moment of 5.92μB. Main objective was to investigate if the magnetic 
moment of Mn and charge carriers interactions could enhance thermoelectric power (σS2) via 
increased effective mass (m*). 
Powder X-ray diffraction revealed all samples were phase pure. Lattice parameters were refined 
with Rietveld refinement. Lattice parameters values increased with increase in Mn doping. This 
indicates Mn successfully replaced Ga site. All samples were then characterized for thermoelectric 
properties. Temperature dependent electric conductivity and Seebeck coefficient were measured in 
the range 325-870 K. It was observed that for Mn doped samples electrical conductivity decrease 
initially up to around 500 K. Above 500 K electrical conductivity increased with increase in 
temperature. This increase was attributed to thermally excited charge carriers. Electrical 
conductivity was largely increased with Mn doping. This was attributed to extra charge carriers 
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produced due to Mn2+ doping at Ga3+ site. Positive values of Seebeck coefficient was observed for all 
samples. This indicates holes as majority charge carriers. For degenerate limit, Seebeck coefficient 
can be related with carrier concentration (n) as follows 
𝑆 =
8𝜋2𝑘B
2
3𝑒ℎ2
(
𝜋
3𝑛
)
2/3
𝑚∗𝑇                (1) 
Where 𝑘B  is Boltzmann constant, h is Planck’s constant, m* is effective mass. Eq. 1 indicates 
inverse relationship of S and σ. However, in the present case Seebeck coefficient values interesting 
retains large values even after Mn doping thereby power factor was enhanced. This increase in the 
power factor was attributed to increased carrier effective mass and carrier concentration. To verify 
increase in effective mass we performed Hall effect measurements. Results indicated effective mass 
values were increased after Mn doping. This enhancement in the effective mass was attributed to 
the interactions between charge carriers and magnetic moment of Mn2+. To clarify these interactions 
we carried out magnetic and magneto transport measurements. The magnetic susceptibility and the 
Hall resistivity results consistently demonstrate that the carrier holes were strongly coupled with 
Mn magnetic moments through the Kondo-like interaction. Important results from magnetic 
properties will be listed in the highlights section below. Furthermore, thermal conductivity was 
decreased with Mn doping. Mn acts as an effective scattering center for phonons. Thereby Overall 
ZT value increased up to 0.83 (for 1% Mn doped sample) which is 40% increase than that of pristine 
CuGaTe2. Important highlights of this research are follows  
Research Highlights 
 Polycrystalline samples with composition CuGa1-xMnxTe2 where x = 0.0-0.03 were successfully 
synthesized by Solid state reaction method. 
 Electrical conductivity was greatly enhanced while Seebeck coefficient retains large values. For 
example, the Seebeck coefficient at 670 K is 280 mVK-1 for pristine CuGTe2, but that for 
CuGa0.97Mn0.03Te2 is nearly as large as S = 230 mVK-1, whereas the electrical conductivity at 
670 K increased largely to around double the values when the Mn concentration was increased 
from x = 0 to 0.03.  
 Power factor was improved greatly as a result of improved carrier concentration and effective 
mass simultaneously. Effective mass was improved by magnetic moment of Mn and charge 
carrier interactions.  
 To differentiate the carrier tuning effect from magnetic enhancement Seebeck coefficients were 
plotted as a function of lnσ. Based on theoretical model Seebeck vs lnσ plot revealed 
enhancement in effective mass term T3/2(m*/m0)3/2μ. We also evaluated power factor from the 
linear relationship of S and lnσ; S = m(b -lnσ). The plot between power factor and σ revealed that 
power factor values for Mn doped samples are larger than maximum values expected after 
carrier tuning effect. See Fig. 1. 
 Reciprocal of magnetic susceptibility due to Mn ions (𝜒𝑀𝑛)  as a function of temperature 
revealed large negative Weiss temperature values  = -59.1 K for CuGa0.99Mn0.01Te2. Negative 
4 
 
values indicates antiferromagnetic interactions on Mn spins. Large Weiss temperature value for 
dilute system was discussed to be more likely due to onsite exchange interaction between Mn 
spins and conduction and/or valence band electrons.  
Fig. 1. Power factors S2σ of CuGa1-xMnxTe2 as functions of electrical conductivity σ. Solid lines are the 
calculation based on the theoretical model using the values of x = 0. Filled circles show the observed power 
factors. Fig demonstrates that observed power factors are consistently larger than expected from carrier 
tuning. 
 
 Evidence of strong coupling between Mn magnetic moments and carrier holes was also seen 
from Anomalous Hall effect (AHE). Large AHE term (10-4 Ω cm) comparable to ferromagnetic 
Ga1-xMnxAs and Fe1-xCoxSi was observed.   
In conclusion we demonstrated that magnetic elements like Mn doping into semiconductors can be 
an effective strategy to improve power factor and thereby figure of merit (ZT). See Fig. 2  
 
 
 
 
 
 
 
 
 
 
2.2 Thermoelectric and Magnetic Properties of Mn doped Chalcopyrite-type CuInTe2 [15]  
In this research we studied influence of Mn substitution with In in CuInTe2. Polycrystalline 
samples of CuIn1-xMnxTe2 where x = 0.0, 0.01, 0.02 were synthesized and characterized for 
thermoelectric and magnetic properties. All samples crystallized in tetragonal structure with space 
Fig. 2(a) Temperature dependence of Power factor. Large improvement in the power factor is indicated by arrow. 
Fig.2 (b) Enhanced thermoelectric figure of merit (ZT) for CuGa0.99Mn0.01Te2 through magnetic moment charge 
carrier interactions [Ref. 12] 
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group I -4 2 d. Peaks observed in X-ray patterns were matched with those of the chalcopyrite 
structure. ICSD Reference card (PDF # 01-081-1937). Electrical resistivity decreased slightly while 
maintaining high Seebeck values, which led to improved power factor. Unlike to the previous study 
of CuGa1-xMnxTe2 Seebeck coefficient showed enhancement for the CuIn0.98Mn0.02Te2. Consequently 
Power factor improved up to almost 50% for CuIn0.98Mn0.02Te2 compared to non-doped sample at 323 
K. Thermal conductivity also decreased significantly. Hence overall ZT value increased to 0.82 at 
870 K for the CuIn0.98Mn0.02Te2. Which corresponds to almost 30 % increase to that of pristine 
CuInTe2. Magnetic properties were measured and correlated with thermal transport properties. 
Important highlights of the research are as follows.  
Research Highlights 
 Seebeck coefficients did not show any decrease after Mn substitution and even slightly higher 
Seebeck values were observed for CuIn0.98Mn0.02Te2. As proposed in the previous section 
magnetic moment charge carrier interaction could be the possible reason in the enhancement of 
Seebeck coefficient via increased effective mass.  
 To clarify Seebeck coefficient as a function of lnσ were plotted. Graph revealed Seebeck values for 
Mn doped samples reside above the line that passes through Seebeck coefficients of pristine 
sample. This indicates enhancement in effective mass term after Mn doping.  
 Power factor calculated at 323 K for non-doped CuInTe2 is 0.36 mW-m-1K-2, while a higher value 
of 0.52 mW-m-1K-2 is observed for CuIn0.98Mn0.02Te2 at the same temperature. This is close to 
50% improvement. 
 Conduction mechanism change was observed after 450 K. Two regions were distinguished. Major 
improvement in the power factor was seen in extrinsic region while at higher temperatures 
carrier and magnetic moment coupling become weaker. Hence, the difference in the power factor 
to that of non-doped sample becomes smaller. This suggests that electronic correlation inside 
Mn-related impurity band plays an important role for the enhanced power factor at low-
temperature side. 
 Magnetic susceptibility verses temperature showed paramagnetic behavior with large negative 
Weiss temperature, which suggested antiferromagnetic interactions on Mn spins are dominant. 
Fitting to the magnetic susceptibility data indicated that the doped Mn ions are most likely in 
the trivalent state. 
Overall thermoelectric properties were improved. These results also reinforces previous research 
results summarized in section 2.1.  
 
3. Microstructure Analysis and Secondary phase assisted enhancement in thermoelectric 
properties of CuGaTe2 [13] 
In this research we reported Fe doping in chalcopyrite-type CuGaTe2 and its influence on 
structural and thermal transport properties. We synthesized polycrystalline samples with 
composition CuGa1-xFexTe2 with x = 0.0 to 0.05 by spark plasma sintering method. Elemental 
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composition for all nominal samples were analyzed using Electron probe micro analysis (EPMA). Fe 
was found to have poor solubility in CuGaTe2. Thereby producing secondary phases of FeTe2 and 
CuTe. We carried out thermoelectric properties and the effect of these secondary phases was 
analyzed carefully through microstructure analysis. Thermal conductivity was reduced significantly 
up to x = 0.02 and started to increase with further doping. It was seen in SEM/EPMA results that 
secondary phase FeTe2 exists as small particles and is distributed only around grain boundaries. 
Which helps in reduction of thermal conductivity through increased grain boundary scattering of 
phonons. On the other hand, the addition of Fe didn’t have any detrimental effect on the electrical 
properties.   
Research Highlights 
 Fe doping in chalcopyrite-type CuGaTe2 and its influence on structural and thermal transport 
properties was studied. 
 Fe has poor solubility inside CuGaTe2 which as a results created secondary phases like FeTe2. 
 Secondary phases helped in reduction of thermal conductivity up to certain limit of doping. At 
x = 0.03, the FeTe2 phase grows as seen in SEM results. Then thermal conductivity starts to 
increase. Although the thermal conductivity of pure FeTe2 is slightly higher than that of 
CuGaTe2, the addition of FeTe2 was helpful to reduce total thermal conductivity as far as its 
concentration is lower than a limit below which FeTe2 particles stay only at grain boundaries. 
 ZT peak value of 0.92 is recorded for x = 0.02 at 870 K, which corresponds to 60% improvement 
from that of pristine CuGaTe2. 
This work points to the importance of controlling the microstructure of samples to improve 
thermoelectric properties (see Fig. 4.) 
 
 
 
 
 
 
 
 
 
 
 
4. Outlook: 
Fig. 3. Temperature dependence of ZT for CuGa1-xFexTe2 with x = 0.0 to 0.05. Fig shows 60% enhancement in ZT value 
at 870 K. Improvement in ZT was because of significant reduction in thermal conductivity due to the formation of 
composite structure at the grain boundary [Ref. 13]  
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Chalcopyrite type materials have great potential to be alternate thermoelectric materials for energy 
applications. In order to further increase ZT values other methods i.e. Nano structuring could be 
combined with magnetic enhancement technique. We expect this power factor enhancement 
technique could also be applied to other materials as well. In future work TE families i.e. silicide 
will be studied in the similar context.       
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